Safe water of adequate quantity, and dignified sanitation, is vital for the sustenance of a healthy and productive human population. In the recognition of this, the United Nations formulated the Sustainable Development Goal No. 6 to ensure access to safe water and sanitation by all by 2030. Actualization of this Goal requires information on the existing status of water resources and sanitation levels. Knowledge on contamination of groundwater is essential to prevent risks to human health. The objective of this study was to determine groundwater contamination in Kisumu, Kenya. A total of 275 water samples were collected from 22 sites within the informal settlements between December 2016 and December 2017. The samples were analysed for bacterial contamination and physical chemical quality. Thermal tolerant coliform bacteria enumeration was used as a proxy to bacteria contamination, and the pH, turbidity, dissolved oxygen, conductivity, salinity and temperature were used as physical chemical indicators of contamination. The results indicate that groundwater in Kisumu hosed coliform bacteria and therefore didn't comply with contamination limits for domestic water proposed by WHO and local KEBS standards. The results further indicated that the levels of bacteriological contamination vary with water type, shallow well having the highest bacterial loads. The study concluded that there were potential risks to human health due to high content of coliform bacteria. The study attributed the contribution to pit latrines that were present in virtually all compounds. The pit latrines are located close to the water points. The study recommended the definition of minimum distance between the pit latrines and shallow wells to minimize contamination. The low income dwellers should be educated on simHow to cite this paper: Kanoti,
Introduction
Availability of water is one of the basic human needs that must be met in adequate quantity and quality consistent with minimum health standards [1] . Globally, groundwater and surface water are the main sources of water for human consumption [2] . However, rapid urbanization and lack of adequate disposal mechanisms of human waste has led to contamination of these water resources [3] . Since surface water is more susceptible to contamination from anthropogenic activities, attention in most developing countries is shifting to the development of groundwater for potable water supplies [4] [5] . However, the occurrence and distribution of groundwater is complicated by complex hydrogeological settings and conditions [6] . The composition of precipitation, coupled with anthropogenic activities and geological processes within an aquifer determine the quality of groundwater [7] . Groundwater is also continually being threatened with contamination by human waste from toilets [8] , which can reach groundwater through the aquifer pathways and also through man-induced pathways [9] . Studies conducted in Sub-Saharan Africa have found that groundwater abstracted from water points located near pit latrines can be contaminated with microorganisms, and that shallow wells are more susceptible than deeper boreholes [10] [11] [12] [13] . Contamination is more pronounced when the latrines are sited at a higher altitude than the wells [14] . It's however, worth noting that on-site sanitation does not inevitably cause groundwater contamination; the authors found that such contamination is also influenced by numerous complex factors that include the underground conditions contributed by various soil/rock formations. They also noted that the most critical distinction below the surface is between the saturated and the unsaturated zone.
There is therefore need for planning to utilize the sub-surface for water supplies and sanitation [15] to reduce the incidences and prevalence of diseases caused by pathogenic microorganisms [16] . To limit exposure of groundwater sources to biological contamination, a horizontal distance of 30 m between pit latrines and water sources has been proposed by some researchers.
The natural aquifer contamination pathways are defined by the hydrogeological environment, and the factors involved include soil/rock characteristics such as porosity, permeability, transmissivity and faults. Man-induced pathways are created during the design phase of the water point, during the construction and development of groundwater supply, and during the production stage [17] [18] Journal of Water Resource and Protection [19] . Contamination of water is normally confirmed by the presence of bacteria that indicate faecal contamination by coliforms [20] [21] [22] . Indicator bacteria are, however, of limited use in predicting the presence of protozoa and viruses;
waterborne disease outbreaks have occurred where coliform results are negative and this could be traced to viruses or protozoa [22] . Further, the probability of becoming infected after consuming contaminated water depends on the concentration levels and persistence of the pathogen in the groundwater. Infection also depends on the infectious dose required to initiate a disease, with the median infectious dose for bacteria being typically more than 10,000 pathogens [17] . Groundwater is the main alternative source of water in both rural and urban areas in Kenya. These groundwater supplies are obtained from hand dug shallow wells, springs and boreholes. Boreholes have been drilled within the Kisumu aquifer by government departments, corporations, private firms and individuals since 1939 to present. The early boreholes were used for domestic, irrigation and industrial purposes because piped water from Lake Victoria had not been commissioned. Shallow wells and boreholes continue to be the most reliable sources of water in Kisumu [19] . The water quality from these sources is comparatively better than those from surface water sources. But the use of the sub-surface as a repository of human waste due to low sewer connection in peri-urban areas and increasing human population has challenges, since groundwater may host a wide range of pathogens. These include viruses, bacteria, protozoa and helminths that render the population susceptible to various diseases [18] . Most guidelines and standards for drinking water recommends an absence of pathogens since the susceptibility to diseases is not uniform but depend on the person's immunity status, nutritional status, known seasonality of human infections and the characteristics of the aquifer system [9] .
The main objective of this study was to determine faecal contamination and physic-chemical composition of groundwater in the study area. 
Background Information

The Study Area
The study area is located in Kisumu, Kenya, on the shores of Lake Victoria, 
Climate
The climate is the inland equatorial type modified by the effects of altitude, relief and the influence of Lake Victoria. The Lake influence has a slight cooling effect on temperature in the area [24] Temperatures in the lowlands range from a mean minimum of 17˚C to a mean maximum of about 30˚C. In the higher altitudes, the mean minimum and maximum temperatures vary between 14˚C and 25˚C, respectively. Two relatively dry (June to September and December to February) and two wet (March to May and September to November) seasons can be distinguished. However, the lengths of the seasons constantly change due to climate variability [25] . The mean annual rainfall varies with altitude and proximity to the highlands; it ranges between 1000 mm and 1800 mm, with higher rainfall in the highlands and lower rainfall in the lowlands. 
Geology and Hydrogeology of the Study Area
The rocks in the study area fall into four main groups based on their geological age. These are the Precambrian (Archean) rocks that belong to the Nyanzian System, Tertiary volcanic rocks associated with the Kavirondo Rifting, Pleistocene and Recent deposits. It is evident that between the early Precambrian and
Tertiary, there is a major geological hiatus, a period of no major geological activity [26] .
The physiography and geology of Kisumu controls the recharge, movement and discharge of groundwater. Kisumu Aquifer System consists of unconsolidated and semi-consolidated inter-granular material with moderate to high flow groundwater characteristics in the central transect. The unconsolidated phonolitic boulders intercalated with murram form the main aquifer units but where the clay content is high, the yields and water quality is low. The western transect, defined by River Kisian, is dominated by granitic rocks and groundwater yield is low. Nyamasaria River forms the eastern transect and is located within recent sediments. Groundwater occurrence is good due to recharge from the Nandi hills to the north. Recharge occurs both by direct rainfall infiltration and through leakage of surface water along the main geological faults and weathered lava flow surfaces and contacts. We consider that the gradational contacts of phonolititic and andesitic rocks along the uplands of the western and the middle transects are the main recharge sites and the regolith on the weathered granites along the Nandi escarpment to be the recharge zones for the eastern and also western transects, respectively. The hydrologic setting is shown in Table 1 .
Kisumu city has several informal settlements that lack access to reliable piped water and sewerage system. These settlements include Bandani, Manyatta, Nyalenda, Otonglo and Obunga, Figure 2 . These settlement rely on alternative sources including shallow well, communal springs and water vendors. The informal settlements abut high-income neighbourhoods like Milimani. These estates are served by sewer system and supplied with reliable water. Though there are water shortages in these neighbourhoods, most houses have high capacity elevated storage tanks that take them through during the water shortage period.
Some planned settlements are slowly being converted into congested estates through unplanned infill development [19] . Our survey confirmed that most dwellings and communal water points in these settlements are served with piped water. However, most of the times these taps are dry and/or supply is insufficient. Therefore, the residents of these informal settlements revert to alternative sources that include communal springs, shallow wells and boreholes.
Materials and Methods Background Information
In-Situ Measurement of Physical Chemical Parameters
Twenty two water points, comprising rivers (4 sampling points), lake (1 sampling point), springs (5 sampling points), shallow wells (8 sampling points) and boreholes (4 sampling points) were selected for monthly in situ measurement of Journal of Water Resource and Protection physical chemical parameters (pH, temperature, conductivity, salinity, dissolved oxygen, and turbidity) for the period December 2016 to December 2017, using a portable Quanta hydrolab kit. According to EPA (2009), a minimum sample size of 8 to 10 wells is recommended when studying groundwater [27] . The selection of sampling points was based on three north-south trending transects, each delineated by taking into account the recharge and discharge zones, the west to east and north to south variations in geology within the study area, as well as altitude variation (high to low in each of the N-S oriented transects), Figure 2 . The sampling sites locations and altitudes were recorded using a Global Positioning System (GPS). The water level in shallow wells were monitored using an In-Situ Inc. rugged level tape 100. Water levels in the deep boreholes were not measured because they lacked airlines.
Analysis of Thermal Tolerant Bacteria in Groundwater
In order to investigate the occurrence of thermal tolerant bacteria (TTC) in groundwater, water samples were collected aseptically from the 22 water points mentioned above, using approved sampling methods [28] . They were immediately stored in a cooler box at 4˚C and incubated in a portable Wagtec bacteriological kit within four hours. This study used the membrane filtration technique [29] . The method involves filtration of water samples through a sterile filter with a pore size diameter of 0.45 microns. Bacteria cannot pass through this pore diameter and are therefore trapped in the filter. The filter with trapped bacteria was then placed on an absorbent pad with culture medium and incubated. Typical colonies on the filter were enumerated after incubation for 18 hours at 44˚C ± 1˚C. During the incubation period, the thermal tolerant coliforms multiplied rapidly and formed colonies that were visible to the naked eye as yellow coloured clumps against the pinkish background of the growth media. These yellow colonies were enumerated, and the results were expressed as colony forming units (CFU) per 100 ml of water (CFU/100 ml). This method has limitations that include long incubation periods and poor detection of slow growing microorganisms [30] . Only about 0.1% -15% of the total bacterial population in a sample grows and can be enumerated by methods based on culture media. The other concern about membrane filtration method is its inability to recover stressed or injured coliforms. However, this was overcome in this study by resuscitating the specimen for two to three hours in the incubator at 35˚C subsequent to incubation. Enumeration of coliforms by membrane filtration is not fully specific. Since the membrane filtration system employed in this study used growth media containing lactose, unusual colonies developed in some specimens. These colonies were dark red, nucleated or without a metallic lustre. Other unusual colours noted were blue, pink, white or colourless colonies lacking sheen. These colonies are not considered as thermal tolerant coliforms by this technique [21] .
Results
Physical-Chemical Characteristics and Temporal Trends
The results of the physical chemical characteristics are shown in the descriptive statistics in Table 2 . Journal of Water Resource and Protection 
Statistical Relationships between the Physico-Chemical Parameter in Sampled Kisumu Water
A negative relationship exists between water conductivity, dissolved oxygen and turbidity, while a strong positive relationship is noted between conductivity and salinity. Dissolved oxygen shows a weak co-relationship with ph. These relationship are shown in the Table 3 . Table 3 aimed at determining the relationship between the physical chemical parameters. There was no overall relationship but electrical conductivity and salinity shown strong correlation.
Thermal Tolerant Coliform (TTC) Bacteria and Their Temporal Trends in Kisumu Water
The bacteriological quality of water in Kisumu is poor, as indicated by high TTC counts. Apart from boreholes, all the other sources of water in Kisumu had growth colonies indicating contamination by faecal coliforms. Out of the 22 water sources sampled, 21 (95.5%) were contaminated with TTC and only 1 sample conformed to the WHO drinking water standard of 0 TTC per 100 ml. The results are shown in Table 4 and in error bars Figure 3 .
The high levels of contaminations with thermotolerant bacteria in shallow wells supports the hypothesis that there is a link between the pit latrines and water Journal of Water Resource and Protection All water type in Kisumu are contaminated with TTC and surface water (rivers) has the highest levels of contamination. We attribute this to discharge of raw sewer into the rivers and surface run-off contaminated with faecal matter.
Discussion
The parallel rise in the use of the sub-surface as a repository of human waste and source of water supply in the informal settlements in Kisumu is of concern from the environmental and health perspectives. The movement of harmful bacteria from the toilets to groundwater make the water unsafe for human consumption and its usage can led to water related diseases. Young children and vulnerable members of the society are therefore at risk.
Detection of thermal tolerant coliform bacteria in the groundwater coupled with the existence pit-latrines in the proximity of water points suggest that the pit latrine influences the bacterial water quality. High usage of pit latrines and shallow wells that lack inner linings and well-head protection correlate well with TTC counts. The unregulated construction of pit-latrines raises concerns that microbial and chemical contaminants discharges from them to groundwater may affect human health.
There is therefore need to study contaminant transport models based on empirical studies that should include pit-latrines and shallow wells siting guidelines.
Human excreta are the main input to pit latrines, although other inputs may contribute significantly to pit contents, such as anal cleansing material, menstrual blood and sanitary napkins, and solid refuse, which may contribute significantly to pit contents depending on local practices.
The gradient, location, siting and design of pit latrines and water points can be improved to ensure groundwater and faecal sludge do not mix. We propose regular emptying of the pit latrines whenever economically possible before the hydraulic gradients in the pits is high enough to initiate flows toward the water points or aquifer system. Groundwater contamination is likely in areas where the water table is shallow and in areas where fissured bedrock is over-laid by shallow soils. All efforts should be made to ensure that pit latrines are not located in areas where water table is high, and all cases, digging of deep pit latrines should be discouraged. Deep pit latrines reduces the thickness of the unsaturated zone and this increases the chance of faecal contacts with groundwater. Depending on the type of soil in which the pit latrine is located and the depth to water table, the toilet sludge may migrate into groundwater.
Conclusions
We concluded that groundwater in Kisumu was contaminated with thermal tolerant bacteria over the study period. The levels of contamination were higher during the rainy seasons for shallow wells, but springs microbial burden decreased during the wet season. It is recommended that shallow wells should be located in areas where they are not likely to be contaminated and they should be Journal of Water Resource and Protection Finally, it is recommended that the residents should be informed on the risks posed to their health by digging shallow wells and pit latrine in close proximity.
It should be brought to their attention that the sub-surface can be used with caution as a source of groundwater and a repository of human waste. The locals should be advised to use water from the wells with caution to avoid water related diseases more so by the children and the vulnerable in the society. Simple water treatment methods like boiling water before drinking and use of chlorine and other cheap and other readily water treatment chemicals.
